Four different failure modes relevant to tubular supported membranes (thin dense films on a thick porous support) were analyzed. The failure modes were: 1) Structural collapse due to external pressure 2) burst of locally unsupported areas, 3) formation of surface cracks in the membrane due to TEC-mismatches, and finally 4) delamination between membrane and support due to expansion of the membrane on use. Design criteria to minimize risk of failure by the four different modes are discussed. The theoretical analysis of the two last failure modes is compared to failures observed on actual components.
INTRODUCTION
Materials exhibiting mixed ionic/electronic conductivity (MIEC's) may be used as dense membranes for gas separation purposes, for instance for oxygen production or for supply of oxygen in production of syngas by a partial oxidation route. The achievable flux through the membrane is partly limited by the resistance to the transport of the species in the bulk, and hence to reduce the cost of the technology such membranes should be as thin as possible, and an obvious reactor design is thus an ultra thin membrane on a supporting medium. The role of the support is to ensure sufficient rigidity of the component to allow handling, and to carry most of the load if the membrane reactor is subjected to pressure differences. Units with such architecture has been pursued for both solid oxide fuel cells 1, 2 and membrane reactors for syngas production. The units may be planar or tubular. Key advantages of the former being ease of manufacture and generally compact design for a given rated output. Tubular units also have a number of advantages, key ones being: 1) Ease of manufacture by extrusion. 2) Robustness to large temperature gradients in the gas flow direction (axial direction). 3) Simplicity of sealing, and finally 4) robustness to pressure differences between the two sides. Large development programs both within the field of SOFC and in the field of membrane reactors have been based on tubular units.
Whereas the central part of the device must be gas tight, in the case of SOFC to ensure high efficiency (and long lifetime), and in the case of the membrane to ensure selectivity, the support is porous to allow gas access to the membrane/electrolyte. Classical materials for SOFC electrolytes are Yttria stabilized Zirconia , Gd-doped Ceria or La-Sr-Gallates, and candidate materials for the membrane reactors could be perovskites belonging to the class La 1-x Sr x Fe 1-y Co y O 3 3,4 . Common to both devices is thus, that they rely on ceramic com-ponents, but yet have to operate reliably, under large pressure-as well as temperaturegradients, as the electrolyte/membrane separates a fuel from an oxidant. An analysis of possible failure modes in such devices can be of relevance both in rationalising the mechanisms behind observed failures in experimental systems, but also in formulating design criteria and material requirements to allow fail safe operation. Stresses may build up in such bi-or multi-layered devices already in the final stages of manufacturing and/or during use. If the manufacturing involves a firing step and the layers have different TEC-values, stresses will build up during cooling. During use the component will also be exposed to various stress generating loadings. Different pressure on the two sides was already mentioned, but also if a non-homogeneous temperature distribution develops, or if one of the material changes volume (e.g. due to a chemical reaction), stresses will build up. Whether detrimental or not, depends on the magnitude compared to the material strength.
The present paper discusses mechanical failure modes of thin supported tubular membranes and the derivation criteria for fail-safe design of such. The following failure modes were analyzed, and are treated in turn in the following:
1. Collapse of support tube due to external over pressure 2. Collapse of membrane over a pore due to pressure difference over the membrane. 3. Development of surface cracks in the membrane due to TEC mismatch. 4. Buckling driven de-lamination between membrane and support due to expansion on reduction of the membrane material. Whereas case 3 is most critical at room temperature after component manufacture, cases 1, 2 and 4 are relevant under operation. Loads associated with interactions between tube and fixture are beyond the scope of the present paper. Part of the work was carried out within an EU-funded programme aiming to develop membrane reactors (CERAM-GAS) 5 to identify rationally based material requirements and to provide guidelines for focussing the effort. Much of the analysis is based on well established theory for fracture mechanics of thin planar films 6 . However, the analysis of case 4 covers also the impacts of an external pressure on this risk failure due to buckling which is to our knowledge not available in literature.
ANALYSIS AND DISCUSSION OF FAILURE MODES Collapse of the tube.
From a balance of plant point of view it is highly advantageous for a syngas membrane to be able to sustain an overpressure on the syngas side. Similarly, for a fuel cell and an oxygen production membrane of MIEC-type, it will be advantageous/necessary, respectively, to operate with an overpressure on the air side. This gives rise to certain design requirements. If the high pressure side is on the inside of the tube and the dense membrane lies outside the support the distribution of the load over both layers relies on the interface between the two to be sufficiently strong, whereas the interface strength is unimportant if the high pressure is on the outside. Moreover, in the former case the tube will be in tension, whereas it is in compression in the latter case. Ceramics are generally much stronger in compression than in tension and hence the most benign requirements regarding component quality, layer thicknesses and material strengths are obtained if the high pressure side is on the outside of the tube.
A tubular supported membrane of thickness, h, support thickness H and diameter D = 2R (See Fig. 1 B) , exposed to an external pressure q will be compressed to a degree given by:
2, 3)
Where σ is the radial stress and ε the radial strain., E is Young's modulus and subscpripts indicate membrane or support. (Eq. 1 follows trivially from requiring force equilibrium on half the tube. Eq. 2 is Hooke's law). For a given design (h, H, R fixed) the maximum tolerable pressure will be given by the material strength (σ mem,max ) in compression:
Eq. 4. can also be used to estimate the necessary support thickness for a given strength and a required pressure. However, the tolerable pressure difference may also be limited by a tube stability criterion. If the cylinder is long (L>>R) and the membrane layer thin (h<<H), the critical pressure, q cr , at which the cylinder will collapse, is given by 7 :
As the tolerable pressure scales with (H/R) 3 from the stability criterion (Eq. 5) and only with H/R for the strength criterion (Eq. 4), it will be determined by Eq. 5 for thick walled tubes (H>H*) and by Eq. 4 for thin walled (H<H*) tubes, where:
The variation in maximum tolerable pressure with tube radius is illustrated in Figure  1 for a range of different values of the support thickness. , H=1,5mm ,H= 2 mm . E s =50 GPa, ν=0,3.
Assumed values for the material constants were E s =50 GPa, ν=0,3. (The specified value is an estimate taking into account, that the support is highly porous, which has a strong impact on the modulus 8 ). Considering as an example a tube of 5 cm diameter and a required external pressure of 30 atm., the necessary support thickness deduced from the stability criterion is only 1,5 mm. Hence, the stability criterion for the above values of pressure and tube diameter does not seem to impose very stringent demands on wall thickness, and practical requirements for suitable handling strength or processes requirements are likely to require larger thicknesses. It should be noted, that in practice one would have to include certain safety factors when basing design on the above criteria; in the case of the strength criterion to take into account the spread in strengths typically observed for ceramic components due to the inherent distribution in flaw sizes, and in the case of the stability criterion (Eq. 5) to take into account geometrical imperfections like small deviation from a circular cross section which will reduce the critical load.
Collapse of the membrane over a pore or a large flaw.
As discussed in the previous section the support will relieve the stresses in the membrane due to an external pressure. However, the membrane may be left locally unsupported over large pores or other types of flaws in the interface between support and membrane. As a simple model of this situation we shall consider a thin circular plate of radius=a submitted to a uniform lateral load (q) and a uniform compression (N). Hence, we neglect in the model the local curvature and treat the unsupported membrane over the flaw as a flat plate. This plate problem is treated in standard textbooks 9 . Differences in the compression forces around the periphery of the plate due to the differences in the stresses in the axial and circumferential directions in the membrane are neglected. The maximum tensile stress in the plate for the present case will occur at r=a (at the plate periphery). It is given by: (7, 8) Where N is the compressive load (per unit length) acting along the outer periphery of the plate. M max is the maximum moment of a plate subjected only to the lateral load, and fak is a "correction factor" taking into account the effect of the compression on the local curvature. It is given by: Here, D is the flexural rigidity of the plate. In the present case N is simply the ring stress caused by the external pressure, 
The maximum tensile stress in the membrane over a circular flaw, calculated according to Eq. 12, is shown in Fig. 2 for a range of geometries. The curves in Fig. 2 clearly reflect that the stress is a sum of a compression, which is proportional to qR, and a tensile term due to the bending of the unsupported section of the membrane inflicted by the external pressure. The latter is also proportional to pressure, but scales with the flaw size squared. Requiring as a design criterion that the unsupported area should always be in compression the criterion between flaw-size, membrane thickness, tube size and support thickness becomes:
i.e. for a given flaw size, the risk of failure by this mode can be minimized by increasing the membrane thickness or by increasing the ratio between tube size and support thickness (as this increases the compressive ring stress in the membrane). The latter is of course only a sound strategy as long as one does not violate the criterion given by Eq. 4. Also shown in Figure 2 is the (a/h) crit as deduced from Eq. 13 (rhombes). Evidently, the approximation fak=1 is justified for this range of parameters (The curves calculated from Eqs. 7-11 cross the axis close to the points deduced from Eq. 13). Considering as an example again a tube with R=2,5 cm, a membrane thickness of 10 μm and support thickness of 2 mm (elastic constants as stated in Fig. 1 and 2) the unsupported piece of membrane will stay in compression for flaw sizes up to a/h~6.5 or 65 μm. This is thus the tolerable size of imperfections introduced during the manufacture (measured on the length scale of the membrane thickness) before local bending of the membrane over an unsupported area introduces tensile stresses in the surface of the membrane.
Development of surface cracks due to TEC mismatches
If the difference in the thermal expansion coefficient of the membrane material and the support is too large the membrane may fail at room temperature after manufacture due to the stresses building up during cooling. Thin layers on thick supports are known in a number of technological devices and treatments of fracture mechanics in such systems can be found in literature. Evans and Hutchinson 10 have analyzed different failure modes in such systems and have shown that fail safe design criteria can be deduced from a two dimensional analysis (planar case) requiring that the energy release on failure (G) is less than the a critical material value G c (reflecting the fracture toughness). The energy possibly released on failure is given by 4 :
where Ω is a cracking number (a non-dimensional constant of order unity, with small differences between different failure modes), h m is the membrane thickness, E m is Young's modulus of the membrane material and σ is the misfit stress in the membrane, which is simply:
ν is the Poisson's ratio (of the membrane material), and ε is the misfit strain which is proportional to the difference in TEC between membrane and support material times the temperature difference between the stress free state and the evaluated state (here manufacturing temperature and room temperature). Hence, when G c is known one may use Eq. 14 to deduce a fail safe maximum layer thickness for a given misfit stress (given TEC-mismatch) or a maximum tolerable TEC-mismatch for a desired membrane thickness. The cracking number depends on the failure mode. For the three most relevant failure modes the cracking numbers (assuming no elastic mismatch between support and film) are: 1) a surface crack, Ω ~ 0.25, 2) "Channelling", Ω ~ 0.5, and 3) debonding, Ω = 2 4 . By "chanelling" is meant formation of a network of surface cracks. There are a number of important things to learn from the form of Eq. 14: I) The risk of failure for all the modes scales with layer thickness, II) The risk of failure for all the modes scales with misfit-stress squared, and III) compression is preferable to tension in the membrane as the cracking number for debonding is higher than for surface cracks, which means, that under the assumption that G c is the same for the two modes of failure, preferably the TEC of the membrane material should be lower than that of the support. However, this may not be easy to achieve in practice. Candidate membrane materials belonging to the general class La 1-x Sr x Fe 1-y Co y O 3 have TEC values 11 in the range from 12 to 20·10 -6 K -1 (100 -900 o C) strongly depending on the Sr and Co-content (increasing with both), whereas cheap strong ceramics which could be candidates for the support typically have lower TEC values. Alumina and Zirconia for instance have TEC values in the range from 8 -11·10 -6 K -1 in the same temperature interval.
It follows directly from Eqs. 14, 15 that in principle large misfit stresses (large TECmismatches) are tolerable if one decreases layer thickness accordingly. In Table 1 design limitations in terms of allowable thicknesses for a given TEC mismatch, as well as tolerable TEC mismatch for a given membrane thickness, are assessed for a membrane relevant set of parameters. H. Lein 12 has characterised the mechanical properties of several La 1-x Sr x Fe 1-y Co y O 3 -perovskites and reports E-moduli in the range from 115 GPa to 180 GP, and fracture toughnesses in the range from 1.2 to 1.8 MPa m 1/2 , corresponding to critical energy release rates on the order of 20 J/m 2 (G c~Kc 2 /E). Parameters Criterion E=125 GPa, ν=0.3 ΔT=1000 Gc=20 J/m 2 h=10 μm Ω = 0.25 (surface crack)
As above but:
The temperature difference between processing-and room-temperature may be larger than 1000 o C, but at these temperatures creep rates are very high for the analysed type of materials which may effectively relax the stresses.
There is of course some uncertainty on the above used parameter values, however the deduced numbers in the above examples show that this mode of failure inflicts very serious limitations in the number of possible material combinations as well as harsh requirements to the tube geometry (membrane thickness). The TEC mismatch between alumina and typical La 1-x Sr x Fe 1-y Co y O 3 -perovskites, which is in a very conservative estimate 5·10 -6 K -1 , calls for very thin layers (below 1.5 μm) which would certainly be difficult to make in the desired quality using cheap ceramic manufacturing routes. For thicknesses in the range from 10 to 20 μm, which can be readily made 13 , the required degree of TEC-matching (~1·10 -6 ) strongly limits the degrees of freedom in tuning the membrane composition to optimise other relevant properties like ionic conductivity or catalytic activity.
Experimental experiences.
Within the framework of the "CERAM-GAS" project experimental bi-layer membranes with several different material combinations were manufactured. SEM micrographs of a subset of the investigated material combinations are shown in Figure 3 . The TEC mismatch between membrane material decreases from upper left to lower right in the figure (see caption). Evidently, surface cracks are observed for three (A, B, C) out of the four depicted material combinations (see the zoom-in insert on 3 B). From the limited opening of the cracks, the observed pattern (Fig. 3A) as well as the observed trans-granular tracks (Fig. 3 B) it seems evident that the cracks do not originate from imperfect application of the layer, but are due to the above described failure mode related to the TEC differences. For the successful combination in the lower right corner the TEC mismatch was ~0.1·10 -6 K -1 . Note, that cracks are also observed in the case where the TEC differed by about 1.6·10 -6 K -1 , which is close, but yet above, the formulated criterion. Many more material combinations than the four de-picted in Fig.3 were investigated in the project. All successful combinations were consistent with the criterion in Table 1 . (The uncertainty on the TEC measurement is ~0.1 10 -6 K -1 ) 
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Material expansion on reduction
It is a characteristic of materials showing high mixed conductivity (both oxide ions and electrons) that they are non-stoichiometric in oxygen, i.e. there is a considerable concentration of vacancies in the lattice. The concentration of vacancies depends on the surrounding oxygen activity. When such materials are used as membranes, where they are exposed to different oxygen activities on the two sides, a vacancy concentration profile will be established inside the material, the detailed shape of which depends on the membrane thickness as well as the rates of the oxygen exchange processes on the two surfaces 3 . In general there is a volume change associated with a change in vacancy concentration in the material -the materials expand on reduction 3, , , 14 15 16 This is illustrated in Fig. 4 , where measured expansions on reduction of a well characterized perovskite as well as for two membrane materials investigated in the CERAM GAS project are plotted versus the oxygen non-stoichiometry. Evidently, the strains associated with these stoichiometry changes are quite large (~0.3 -0.4 %), and they are well known to lead to a number of mechanical problems for the use of such materials 4, 15 . For the present application where the membrane material is in the form of a thin layer on a thick support, they will give rise to large compressive stresses in the membrane, which may if the exceed the compressive strength of the material lead to failure. Moreover, they may result in a detachment between the membrane and the support as the stresses can be relaxed if the membrane buckles away from the support (whereby it increases its length decreasing the stress level). The situation is illustrated in Fig 5. In the following we shall analyze the implications of the buckling mode of failure (The risk of failure due to excessive compressive stresses, or other than buckling driven failures in compression 17 , are not addressed further in this paper, but may indeed be relevant for this type of components).
Model of buckling driven de-lamination
Buckling driven delamination between a thick support and a thin surface film in compression has been analyzed in literature, (see the paper by Hutchinson and Suo and references therein) for the case of planar geometries. Starting from this analysis J. Høghsberg 18 has generalized the treatment to take into account the cylindrical shape as well as the effects of external overpressure. Buckling driven delamination on tubular geometries has also been treated by Storåkers et al. 19, 20 and J.W. Hutchinson 21 . The situation is illustrated in Fig. 5 .
Describing a segment of the membrane as a beam of constant stiffness, the differential equation describing the shape of the membrane becomes: Where w(y) is the vertical displacement, k is a parameter and ()' signifies the partial derivative with respect to y. w o (y) is a curve describing the initial shape. E m is Young's modulus and I the moment of inertia. σ is the normal stress in the beam. Fig. 5 Buckling of non-planar membrane subjected to external pressure (q) and additional in plane compression due to expansion of the membrane material.
In the considered case, the normal stress in the beam is the sum of the ring stresses, σ r due to q (Eq. (1, 2, 3 ) and the stresses caused by the expansion of the material, σ exp : 
We shall approximate the initial circular shape with a sinus function over the angular segment l/2πR:
which is a fair approximation for l/R<0,5, as this greatly simplifies the solution of Eq.16. Under the boundary conditions w(0)=w'(0)=w(l)=w'(l)=0 (clamped ends) the solution to Eq.16 can be written: 
Where E =E/(1-ν 2 ). Finally, note that the stress in the layer "during" buckling can be expressed:
Equations 19 and 21 define (via Equations 17, 20, 22, and 23) a set of equations in the variables w and σ. The system may be readily solved numerically in an iterative manner and the energy release rate of the buckling calculated. A set of model results are presented in Fig. 6 , illustrating the impact of parameter variations around a base case defined in the figure caption.
A number of points, relevant for materials development and design of supported membranes may readily be deduced form the results in Fig. 6 :
• A certain critical membrane thickness exist in all cases, where the risk of failure is maximal. Increasing the thickness relative to this reduces the energy release rate (buckling becomes less effective for releasing the stresses ) as does a decrease in thickness (less energy in the system all together). The most critical thickness is slightly thicker for the cylindrical membranes than for the planar case. The results give rather direct guidelines on how to design the membrane reactor for minimizing the risk of failure. • The curvature of the membrane increases the risk of failure relative to the planar case i.e. G is larger for the tubular case than for the planar for a given set of parameters ( Fig. 6 A) . • G max (the risk of failure) increases with the lattice expansion induced strain squared, and for the base case of 0.3 %, which is not an unrealistic value (c.f. Fig. 4 ) G reaches a value of ~10 J/m 2 . Whereas for tough perovskite materials one may expect higher values (see section on TEC-mismatches) Lein also reported toughness values on the order of 1 MPam 1/2 , for some of the investigated perovskites, which corresponds to ~ 8 J/m 2 (assuming G c =K c 2 /E, mode I crack opening). Moreover, for this mode of failure it is the toughness of the interface that matters, and this may well be lower than for any of the two materials of the bilayer 22 . Thus, this mode of failure may indeed be critical and put limitations to both which materials are applicable and how the reactor can be designed. Note, that relaxation by creep, which may be significant at high temperature, will alleviate the situation and thus the material requirements deduced from this mode of failure, as will taking into account tensile residual stresses in the film at the operating temperature.
• G is also sensitive to the flaw size (see Fig. 6 C) . It increases with the flaw size. In the investigated range of parameters G max scales with the flaw size in a parabolic manner, and hence controlling the flaw size is effective for minimizing the risk of failure. Also the most critical thickness increases with flaw size. With "small" flaws (l=200 μm) the base case of a 10 μm thick membrane exhibits a very small G value. (Note, that for this mode of failure poor local adhesion between membrane and support is "a flaw", whereas for the local burst over areas where the membrane is unsupported "a flaw" is a missing part of material in the support). • Finally, the effect of an external over pressure is illustrated in Fig. 6 D. Evidently, a slight overpressure is very effective for decreasing G and thus the risk of failure by this mode. Figure 6 . Calculated energy release rates for buckling driven delamination between membrane and support as a function of membrane thickness. The four figures illustrate the dependence on key parameters. A) Shows the impact of tube radius (parameter values given by the legends). B) Illustrates the impact of the membrane strain (ε m ), C) Illustrates the effects of flaw size (l), and D) the effects of external overpressure (q). The base case values of the parameters were q = 0 atm., ε m =0,3%, E m =100 Gpa, E s =10 GPa, R =10 mm, l=0,5 mm, H=1 mm Figure 7 shows an experimental membrane reactor after test, where the membrane layer has partly peeled off. It is likely that this piece failed due to a buckling driven delamination. Figure 7 . A section of an experimental membrane reactor that after test showed detachment between membrane and support. The reactor was prepared and tested within the framework of the CERAMGAS project.
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CONCLUSION
Out of the four analysed failure modes the two ones regarding strain mismatches between membrane and support arising either from differences in TEC between the two materials or from the expansion on reduction of the membrane material were found to be the most critical. It seems likely that by proper design and careful manufacture to limit the inherent flaw size, both tube collapse and burst of local unsupported areas can be avoided for a range of technologically relevant pressures.
To avoid crack formation in the membrane on cooling after the firing step requires either extremely thin membranes or very close TEC matching between the layers. For the considered parameter values (a membrane thickness of 10 -20 μm and a TEC of the membrane exceeding that of the support) a TEC-matching of better than 1·10 -6 K -1 was postulated necessary on the basis of the fracture mechanical analysis. Experimental experience form manufacture of tubular supported membranes in several different material combinations, though not sufficiently numerous to establish the criterion accurately, was consistent with this threshold.
To avoid delamination by buckling due to the expansion of the membrane material imposes quite tough criteria on the dimensional stability of the membrane material and/or to the tolerable flaw size in the component. In the analysis of this case, the treatment of buckling driven delamination of a thin layer on a thick planar support was modified to describe also the case of a tubular support under external pressure. Like for the planar case two "safe" regimes exist in the limit of very thin and very thick membranes. The most critical thickness is increased relative to the planar case. Further, applying an external over pressure was found to a have great stabilizing effect towards this mode of failure. A failure observed on an experimental membrane was tentatively ascribed to this failure mode.
